Ovine neutrophils spontaneously underwent apoptosis during culture in vitro, as assessed by morphological changes and exposure of annexin V binding sites on their cell surfaces. The addition of conditioned medium from concanavalin A-treated ovine peripheral blood mononuclear cells (PBMC) could partially protect against this progression into apoptosis, but dexamethasone and sodium butyrate could not. Actinomycin D accelerated the rate at which ovine neutrophils underwent apoptosis. Neutrophils isolated from sheep experimentally infected with Anaplasma phagocytophilum showed significantly delayed apoptosis during culture ex vivo, and the addition of conditioned medium from PBMC to these cells could not delay apoptosis above the protective effects observed after in vivo infection. The ability of neutrophils from A. phagocytophilum-infected sheep to activate a respiratory burst was increased compared to the activity measured in neutrophils from uninfected sheep, but chemotaxis was decreased in neutrophils from infected sheep. These data are the first demonstration that in vivo infection with A. phagocytophilum results in changes in rates of apoptosis of infected immune cells. This may help explain how these bacteria replicate in these normally short-lived cells.
Anaplasma phagocytophilum (formerly known as Ehrlichia phagocytophila and Cytoecetes phagocytophila) is the causative agent of tick-borne fever in sheep and pasture fever in cattle. It is an obligately intracellular bacterium whose main mammalian targets are granulocytes, although it can also infect monocytes (32) . The disease is common in the United Kingdom and other parts of Western Europe such as Scandinavia, where its vector is the temperate tick, Ixodes ricinus (20, 29, 33) . The first case of human granulocytic ehrlichiosis (HGE) was described in the United States in 1994 (7) , and it has since been described in Europe. The agent of HGE is morphologically identical to E. phagocytophila and E. equi (3, 7, 19) , and it has been proposed that these are variants of the same species, since they have only minor variations in their 16S rRNA genes and 100% identity in their GroESL amino acid sequences (11) . It has thus been proposed that these three granulocytic members of the genus Ehrlichia be united within one species and transferred to the genus A. phagocytophilum (11) since their gene sequences were closer to those of A. marginale and E. platys than to other ehrlichiae.
Neutrophils form the first line of defense against invading bacteria and fungi, and possess a powerful array of cytotoxic enzymes, reactive oxidants, and associated processes. These include the ability to generate reactive oxidant species via the combined activities of the NADPH oxidase and myeloperoxidase (12, 13 ) and a range of granule proteins that include proteases, defensins, and other permeability-inducing factors (14) . Neutrophils have high rates of spontaneous apoptosis and a corresponding very short half-life in the circulation of only 6 to 12 h (2, 26). However, this half-life can be considerably extended in vitro (during cytokine treatment) and in vivo during inflammation (6, 8, 22, 24) . In view of this high cytotoxic potential and short half-life, the neutrophil would seem to be an unlikely and unsuitable target for intracellular pathogens such as A. phagocytophilum. To become a more suitable host, the bacterium would have to evade the antimicrobial systems of neutrophils that are normally activated upon phagocytosis and, ideally, should extend the neutrophil life span by delaying apoptosis.
It has been shown that HGE infection of the promyelocytic cell line HL-60 results in a downregulation of NADPH oxidase activity that is attributable to a decrease in cellular levels of mRNA that encodes the cytochrome b (gp91-phox) of the NADPH oxidase (4). This bacterium is also associated with a downregulation of superoxide production by human neutrophils via a process that required HGE-neutrophil contact and protein synthesis by the neutrophils (23) . This inhibitory response is neutrophil specific since inhibition of superoxide production by monocytes was not affected by HGE. HGE infection induces apoptosis in cultured HL-60 cells (21) but delays apoptosis in human neutrophils (37) . Thus, the organism appears to have the ability to downregulate a major neutrophil cytotoxic mechanism and delay apoptosis, thereby facilitating its survival in the host and ability to spread through the body.
The aim of the present study was to determine whether in vivo infection of sheep neutrophils with an ovine strain, A. phagocytophilum, affects ovine neutrophil function ex vivo and, in particular, whether it affected the kinetics of apoptosis and respiratory burst activation. We measured functions of ovine neutrophils before and after experimental infection with A. phagocytophilum. We have been able to demonstrate that neutrophils isolated from sheep at the height of infection (i.e., the second day of bacteremia) have significantly delayed spontaneous apoptosis compared to samples obtained before infection. Furthermore, exogenous agents that protect against apoptosis in control cells did not exert any protective effects above those afforded by in vivo infection.
Runcorn, Cheshire, United Kingdom) and May-Grünwald-Giemsa stained, and the percentage of apoptotic cells was determined from at least 500 cells. This method has been shown to correlate well with other markers of apoptosis (26) . Apoptosis was also measured by the appearance of phosphatidylserine on the surface of cells. Neutrophils (10 6 ) were removed from culture and resuspended in Hanks balanced salt solution (HBSS) without phenol red (Gibco-BRL), before the addition of annexin V-fluorescein isothiocyanate (FITC; Sigma) at a 1:100 dilution. After 10 min on ice, cells were pelleted at 400 ϫ g and resuspended in HBSS without phenol red before analysis by flow cytometry with a Cytoron Absolute bench top flow cytometer system (Ortho Diagnostics) by using a protocol that samples a precisely known volume. This protocol also provides information on the cell density of the original culture. From these data, the percentage of apoptotic (annexin V-positive) and nonapoptotic (annexin Vnegative) neutrophils can be determined.
NADPH oxidase activity. Chemiluminescence was measured at 37°C in neutrophil suspensions (5 ϫ 10 5 /ml) in HBSS medium that was supplemented with 10 M luminol by using a Dynatech ML-1000 luminometer (10, 15, 16) . Cells were stimulated by the addition of PMA (0.1 g/ml) or yeast zymosan (100 g/ ml) previously opsonized with ovine serum.
Statistics. Data were analyzed by using a paired Student t test. The data shown are means Ϯ the standard deviation (SD).
RESULTS

Infection rates of ovine neutrophils.
The neutrophils analyzed in these studies were taken from sheep before and during the second and fourth days of bacteremia. A. phagocytophilum was detected by microscopy of stained neutrophil films. On the second day of bacteremia 67.4% Ϯ 14.1% (range, 44 to 89% [data from eight animals]) of the neutrophils were shown to contain bacteria, whereas on the fourth day of bacteremia 38.3% Ϯ 14.8% (range, 18 to 61% [data from eight animals]) of the neutrophils were infected. These results are in broad agreement with those published previously (32) .
Effects of exogenous agents on sheep neutrophil apoptosis. Freshly isolated neutrophils were Ͼ99% nonapoptotic, as indicated by morphology and annexin V binding. Thus, nonapoptotic cells had a distinguishable multilobed nucleus, granular cytoplasm, and negligible binding of annexin V ( Fig. 1 and 2 ). However, after 22 h of incubation in culture in vitro, neutrophil apoptosis increased such that ca. 45% Ϯ 5% and 75% Ϯ 2% were apoptotic, respectively, as assessed by increased annexin V binding and morphology ( Fig. 1 to 3) . We then tested a number of agents that have been shown to affect rates of apoptosis in human neutrophils.
However, conditioned medium obtained from concanavalin A-treated ovine PBMC resulted in a small, but significant (P Ͻ 0.01) delay in apoptosis of ovine neutrophils after 22 h of incubation ( Fig. 1 to 3) . Dexamethasone, which has been shown to be a potent inhibitor of apoptosis in human neutrophils (9), resulted in a slight delay in apoptosis as assessed by morphology but not when annexin V binding was measured. Similarly, sodium butyrate, which also delays apoptosis in human neutrophils (24, 27) did not significantly affect apoptosis of ovine neutrophils. Actinomycin D (an inhibitor of transcription) but not cycloheximide (an inhibitor of translation) accelerated apoptosis, as has been reported previously for human neutrophils (24, 27, 31) .
Effects of in vivo A. phagocytophilum infection on rates of neutrophil apoptosis. The proportion of apoptotic cells in freshly isolated populations of ovine neutrophils obtained during the peak of bacteremia was not significantly different to that obtained prior to infection. There was no significant effect of A. phagocytophilum infection on neutrophil apoptosis of freshly isolated cells compared to those obtained from control, uninfected animals. Thus, in control and infected animals, Ͻ2% of freshly isolated neutrophils were apoptotic (Fig. 4) . However, after 22 h culture in vitro, rates of apoptosis in A. phagocytophilum-infected neutrophils were significantly (P Ͻ 0.01) lower than those obtained from control, uninfected animals. Thus, for control animals, rates of neutrophil apoptosis by 22 h of incubation were 52% Ϯ 5% and 78% Ϯ 2% for annexin V binding and morphology, respectively, while comparable values of neutrophils isolated from sheep at the peak of bacteremia were 30% Ϯ 7% and 35% Ϯ 2%, respectively. Treatment of neutrophils for 22 h with conditioned medium from concanavalin A-treated PBMCs, significantly delayed the apoptosis of neutrophils from uninfected sheep, but this protective effect was not as great in A. phagocytophilum-infected neutrophils. Thus, the cytokines present in PBMC conditioned medium cannot delay ovine neutrophil apoptosis much above the protection seen during in vivo infection with A. phagocytophilum. In neutrophils isolated from sheep at the fourth day of bacteraemia, neutrophil apoptosis after 22 h of incubation in culture was higher than that seen in neutrophils isolated at the peak of infection (second day of bacteremia) but still significantly lower than that seen in control, uninfected neutrophils incubated for the same time. These cells had partially regained their sensitivity to PBMC conditioned medium, since a significantly protective effect on apoptosis was observed.
Actinomycin D treatment accelerated apoptosis of control, uninfected sheep neutrophils, but neutrophils isolated from sheep at the peak of infection (second day of bacteremia) were less sensitive to the inhibitory effects exerted by the transcriptional inhibitor. By the fourth day of bacteremia, infected neutrophils had regained their sensitivity to actinomycin D treatment.
Effects of in vivo A. phagocytophilum infection on NADPH oxidase activity. Neutrophils isolated from the blood of healthy sheep could be stimulated by PMA and opsonized zymosan to elicit a respiratory burst, as detected by luminol chemiluminescence (Fig. 5 ). When these neutrophils were incubated for 22 h in culture and became apoptotic, this ability to generate a respiratory burst decreased, as has previously been shown for human neutrophils (2) . Treatment of neutrophils with conditioned medium from PBMC during this 22-h culture did not FIG. 1. Effects of exogenous agents on apoptosis of ovine neutrophils. Purified ovine neutrophils were incubated in RPMI 1640 medium supplemented with 10% fetal bovine serum and 2 mM L-glutamine at 2.5 ϫ 10 6 cells/ml. They were then incubated for 22 h at 37°C as follows: Control, no additions; CM, conditioned medium obtained from concanavalin A-stimulated PBMCs, as described in Materials and Methods; DEX, dexamethasone at 1 M; BUT, sodium butyrate at 0.4 mM; ACTD, actinomycin D at 1 M; CHX, cycloheximide at 10 g/ml. After culture, apoptosis was assessed by binding to FITC-annexin V and flow cytometry (A) and by morphological examination of cytospins (B). Immediately after isolation, neutrophils were 100% nonapoptotic, as assessed by these criteria. Values shown are means Ϯ the SD (n ϭ 6). Values indicated by asterisks are significantly different from the control values (P Ͻ 0.05).
FIG. 2. Effects of
A. phagocytophilum infection on neutrophil apoptosis. Neutrophils were isolated from the venous blood of sheep prior to infection (ᮀ) and on the second (u) and fourth (s) days of bacteremia. Purified neutrophils were then incubated in RPMI 1640 medium as described in the legend to significantly enhance respiratory burst activity, whereas treatment with actinomycin D (which accelerated apoptosis) resulted in a significant decrease in chemiluminescence. Neutrophils isolated from sheep on the second day of bacteremia (peak infection) had rates of PMA-stimulated and opsonized zymosan-stimulated chemiluminescence that were significantly higher than levels seen in control animals (P Ͻ 0.01). Indeed, the rates of chemiluminescence seen in neutrophils isolated from sheep at the fourth day of bacteremia were also elevated above rates seen in control, uninfected neutrophils. Addition of conditioned medium from concanavalin Astimulated PBMCs did not enhance respiratory burst activity more than that seen in A. phagocytophilum-infected neutrophils. Treatment with actinomycin D significantly decreased chemiluminescence in both control, uninfected neutrophils and neutrophils from A. phagocytophilum-infected animals.
DISCUSSION
The results presented here show for the first time that, in vivo, erhlichiosis induces delays in apoptosis in ovine neutrophils. These observations with sheep experimentally infected with A. phagocytophilum confirm data obtained after in vitro infection of human neutrophils with HGE (37). Thus, this process of delayed neutrophil apoptosis after ehrlichiosis would appear to be an important pathological mechanism that the organism employs to ensure its infection and survival within the mammalian host. This in vitro or in vivo delay of apoptosis contrasts with the effects of HGE on a neutrophillike cell line, HL-60, in which cell cycle arrest and increased apoptosis are seen (5, 21) . Thus, infection-induced apoptosis delay is a neutrophil-specific process and not a general consequence of cell infection.
In view of the diverse range of potent antimicrobial processes that it possesses, the neutrophil would appear to be an unlikely target for infection by an intracellular bacterium. However, A. phagocytophilum clearly replicates within neutrophils, as seen by the abundance of morulae seen within cytoplasmic vacuoles of neutrophils (Fig. 4) . These morulae arise as a result of intracellular replication of the bacteria. The bacteria must also evade activation of the cytotoxic arsenal of neutrophils. One way in which it does this is via uptake into vacuoles in a process that does not result in granule fusion to form a phagolysosome (18) , which would normally discharge the contents of these granules into the bacterium-containing vacuole. Furthermore, bacterium-neutrophil contact (which is a prerequisite to uptake) must also occur via a process that does not activate dormant NADPH oxidase complexes on the plasma membrane. Indeed, it has been shown that HGE downregulates NADPH oxidase activity of human neutrophils via an as-yet-undefined process that probably requires the synthesis by neutrophils of a short-lived inhibitory protein (37) .
In our experiments, we show that after in vivo infection of sheep with A. phagocytophilum, the neutrophil respiratory burst is actually elevated above uninfected levels. The reasons for this are unclear, but we have only measured neutrophil function on the second and fourth days of bacteremia. It is possible that neutrophil function at earlier times after infection would be different, but neutrophil infection rates are low before these times. However, preliminary experiments with ovine neutrophils infected in vitro with A. phagocytophilum (unpublished observations) indicate that, like HGE and human neutrophils, the organism can similarly downregulate the activity of the NADPH oxidase within 60 min of addition to neutrophils. This downregulation of oxidase activity has been proposed to occur via the induction of expression of a protein that downregulates NADPH oxidase function. We have previously reported the existence of such a short-lived inhibitor of the NADPH oxidase (28) .
In our experiments, dexamethasone and sodium butyrate, which have been shown to delay human neutrophil apoptosis (2, 27) , had no significant effects on the apoptosis of sheep neutrophils. Both of these agents delay neutrophil apoptosis via molecular processes that require de novo protein biosynthesis (2) . The reason why these agents do not affect apoptosis of sheep neutrophils is unclear, but it is possible that apoptosis control is different in sheep neutrophils. Conditioned medium from concanavalin A-stimulated PBMCs could delay the apoptosis of control sheep neutrophils, presumably via the effects of cytokines (mostly gamma interferon and interleukin-1␤) present in this medium. Interestingly, this conditioned medium could not further delay apoptosis of A. phagocytophilum-infected neutrophils, indicating that in these infected cells the survival processes could not be further stimulated by the exogenous cytokines. It will also be of interest to determine whether neutrophil apoptosis is affected after infection of sheep with other bacteria or intracellular parasites. This would indicate if endogenously produced cytokines can alter the kinetics of neutrophil apoptosis ex vivo. Many microbes or their products accelerate neutrophil apoptosis (17, 25, 30, 36) , but infection of human neutrophils with Leishmania major has been shown to result in delayed apoptosis of human neutrophils (1) .
Identification of the processes by which intracellular bacteria such as A. phagocytophilum and HGE perturb neutrophil function such as respiratory burst activation and apoptosis are clearly important for the molecular pathology of ehrlichiosis. However, these bacteria (or their molecular components that interact with neutrophil receptors) should also provide new experimental tools to dissect the complex intracellular pathways that regulate such important neutrophil functions such as activation of microbial killing pathways and the regulation of cell death and survival.
